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A  spike  in  greenhouse  gas  emissions  due  to  burning  of  fossil  fuels  and  issues  over  energy  security  and  its 
cost  have  obligated  to  identify  the  alternatives  to  petroleum  fuels  currently  reigning  transportation 
sector.  Butanol,  one  of  the  substitutes,  is  still  produced  via  petrochemical  means  but  the  confluence  of 
global  issues  like  declining  oil  reserves  and  upsurge  in  oil  prices  has  compelled  to  identify  renewable 
biomass  resources  for  butanol  production  and  commercialize  the  process.  Biobutanol  is  one  of  the 
second-generation  biofuels,  superior  to  bioethanol,  due  to  higher  energy  content,  lower  Reid  vapor 
pressure,  easy  blending  with  gasoline  at  any  ratio  and  ease  in  transportation.  Although  bioethanol,  a 
strong  competitor  of  biobutanol,  has  acquired  enough  attention  from  the  transportation  industry  as  the 
current  commercially  available  liquid  fuel  for  transportation,  biobutanol  possesses  the  potential  to 
leapfrog  various  barriers  and  emerge  as  an  attractive  alternative  biofuel.  Lignocellulosic  butanol 
production  faces  challenges  in  various  frontiers  such  as  cost  of  raw  material,  pretreatment  strategies, 
enzymatic  hydrolysis,  and  low  butanol  tolerance  of  the  fermenting  strain  leading  to  its  low  yield  and 
productivity,  downstream  processing  of  butanol,  production  of  undesired  solvents  and  the  production 
cost.  This  review  discusses  these  gridlocks  along  with  the  possible  pertinent  solutions  to  deal  with  these 
problems.  It  also  sheds  light  on  recent  advancements  coupled  with  the  newer  approaches  for  butanol 
production  that  revitalize  the  hopes  on  having  a  cleaner,  energy-efficient  commercial  process. 
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1.  Introduction 

The  worldwide  energy  consumption  is  increasing  and  on  the 
other  hand,  fossil  fuels  are  limited  and  it  is  dubious  as  to  how  long 
they  will  suffice  the  needs  of  humankind.  The  escalating  fossil  fuel 
and  oil  prices  and  climate  change  due  to  greenhouse  gases  have 
increased  the  quest  for  an  alternative  fuel  that  would  be  econom¬ 
ical  [1],  Biofuels,  which  can  be  produced  either  chemically  or 
biotechnologically  from  renewable  biomass,  are  C02  neutral  and 
sound  to  be  a  promising  alternative. 

First  generation  fuels  like  ethanol,  biodiesel  and  renewable 
diesel,  made  from  sugars,  grains  and  seeds,  are  produced  commer¬ 
cially  in  many  countries  but  have  led  to  food  vs.  fuel  war.  On  the 
other  hand,  second  generation  biofuels,  made  from  non-edible 
parts  of  lignocellulosic  biomass  (hereafter  referred  to  as  LCB),  are 
still  on  the  path  of  commercialization  [2],  It  is  anticipated  that 
these  second-generation  biofuels  will  yield  better  energy,  econom¬ 
ics  and  carbon  performance  than  first  generation  biofuels  and 
are  expected  to  overcome  the  limitations  of  first  generation 
biofuels  [3], 

1 -Butanol  or  n-butanol  is  a  straight  chain  isomer  ending  in 
alcohol  functional  group.  It  is  considered  as  superior  biofuel  as 
compared  to  ethanol  due  to  easy  blending  with  gasoline  or  diesel 
at  any  ratio,  low  octane  values,  lower  energy  density,  lower  Reid 
vapor  pressure,  biodegradability  and  ease  in  transportation  [4-6], 
Moreover,  LC  butanol  is  favorable  from  greenhouse  gas  (GHG) 
perspective  as  literature  reports  indicate  32-48%  reduction  in  GHG 
due  to  LC  biobutanol  as  compared  to  conventional  gasoline  [7], 
Cobalt  technologies,  a  key  player  in  butanol  production,  claim  that 
Cobalt’s  process  reduces  life  cycle  GHG  emissions  by  70-90% 
compared  to  gasoline  [123],  These  advantages  prove  biobutanol 
as  a  surrogate  for  bioethanol,  thus,  allowing  it  to  take  up  the 
mantle. 

LC-biobutanol  production  process  involves  pretreatment  and 
hydrolysis  of  raw  material  followed  by  fermentation  of  sugars  to 
butanol.  LC-biobutanol  is  challenging  in  terms  of  conversion  of 
lignocellulose  to  sugars  and  cost  of  bioconversion  and  hence 
research  on  commercializing  biobutanol  still  lags  behind  as 
compared  to  that  of  bioethanol.  The  principal  obstacle  is  high 
production  cost  which  includes  the  capital  investment  and  cost  of 


Table  1 

Substrates  used  for  butanol  production. 


SrJ^a 

Substrate 

Reference 

1 

Corn  stover 

[28] 

2 

Apple  pomace 

[29] 

3 

Cane  molasses 

[30] 

4 

Rice,  wheat,  corn,  millet,  rye  and  tapioca 

[30] 

5 

Soy  molasses 

[31] 

6 

Corn  meal 

[32] 

7 

Wheat  straw  hydrolysate 

[33] 

8 

Corn  fiber  hydrolysate 

[34] 

9 

Distillers'  dry  grain  solubles 

[35] 

10 

Barley  straw  hydrolysate 

[36] 

11 

Corn  stover  and  switchgrass  hydrolysate 

[37] 

12 

Sweet  sorghum  bagasse 

[38] 

13 

Jerusalem  artichoke 

[39] 

equipment,  raw  materials,  pretreatment,  enzyme,  strain  develop¬ 
ment,  recovery  along  with  the  cost  for  R&D  and  sales  and  market¬ 
ing  of  butanol.  The  process  can  be  made  cost-effective  by 
minimizing  substrate  cost,  choosing  an  efficient  pretreatment 
and  hydrolysis  method,  use  of  engineered  overproducing  and 
butanol  tolerant  strains  for  fermentation  and  simultaneous  recov¬ 
ery  of  butanol.  Thus,  realization  and  commercialization  of  biobu¬ 
tanol  from  LCB  would  require  technological  advancements  in  the 
fields  of  biotechnology  and  chemical  engineering. 

Reviews  on  butanol  have  been  cited  in  literature  reports 
covering  pretreatment,  hydrolysis  and  fermentation  separately 
[8-13],  However,  there  is  scanty  information  available  by  integrat¬ 
ing  all  the  stages  of  butanol  production  together.  The  novel  aspect 
of  the  present  review  is  that  it  covers  all  the  stages  of  butanol 
production  viz.  raw  materials,  pretreatment,  hydrolysis,  fermenta¬ 
tion,  recovery  and  integration  of  all  the  unit  operations  reflecting 
the  existing  status,  gridlocks  involved  at  each  stage  and  their 
remedies.  Further,  this  review  also  discusses  the  cost  contributing 
factors  and  analyzes  the  R&D  strategies  and  the  latest  technologies 
to  make  the  process  practical  and  cost-effective. 


2.  Raw  materials 

LCB  such  as  agricultural,  forestry,  agro-industrial  and  municipal 
solid  wastes  is  now  catching  the  eye  of  many  researchers  world¬ 
wide  as  an  attractive  alternative  feedstock  for  butanol  production 
owing  to  the  several  benefits  it  possesses  such  as  high  carbohy¬ 
drate  content  (cellulose  35-50%,  hemicelluloses  20-35%,  lignin 
10-25%),  renewability,  abundance,  low  cost  and  being  carbon 
neutral  [9],  Increased  demand  for  biomass  can  generate  employ¬ 
ment  in  various  sectors  and  provide  incentive  to  improve  rural 
transportation  infrastructure,  which  would  facilitate  agricultural 
and  economic  development.  Large  scale  production  of  biomass,  if 
made  profitable  enough  can  attract  farmers  to  take  up  the  job, 
ensuring  continual  supply  of  biomass  and  good  returns  to  the 
farmers,  thereby,  providing  a  boost  to  agribusiness  and  rural 
empowerment. 

2.3.  Bottlenecks 

Although  LCB  is  advantageous,  several  issues  such  as  incon¬ 
sistency  in  biomass  availability,  its  composition,  land  and  water 
requirements,  cultivation  practices,  and  logistics  costs  need  to  be 
addressed.  These  issues  are  the  important  factors  that  contribute 
to  the  overall  process  cost. 

Studies  by  the  Ministry  of  New  &  Renewable  Energy,  Govern¬ 
ment  of  India,  suggest  that  the  biomass  availability  is  120-150 
million  metric  tons  per  year  [14]  including  the  agricultural  and 
forestry  residues.  This  includes  LCB  of  diverse  nature  since  the 
quality  depends  on  the  crop  from  which  it  is  derived  and  its  age 
[15].  Various  raw  materials  used  worldwide  for  butanol  produc¬ 
tion  are  listed  in  Table  1.  However,  availability  of  a  particular 
biomass  may  not  be  constant  throughout  the  year.  This  poses  a 
severe  glitch  for  the  biobutanol  production  industry. 
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LCB  with  high  cellulose  and  hemicellulose  content  is  required 
for  higher  yield  of  butanol.  However,  it  also  consists  of  lignin,  ash, 
protein  and  waxes  in  smaller  amounts.  On  one  hand  where  the 
relative  proportions  of  cellulose:  hemicellulose:  lignin  are  the  key 
factors  in  determining  optimum  energy  conversion  route  for  each 
type  of  biomass;  the  other  contents  lead  to  diminution  of  the 
theoretical  butanol  yield  (g  butanol/g  LCB)  when  compared  with 
sugar  and  starch  crops  [16],  This  increases  the  dry  weight  of  LCB 
required  to  produce  particular  volume  of  ethanol,  thereby,  escalat¬ 
ing  the  transportation  and  handling  costs.  Thus,  the  best  feedstock 
for  a  specific  product  varies  depending  on  the  conversion  process 
used,  but  biomass  containing  low  lignin  is  always  preferable. 

Transportation  logistics  is  the  key  to  developing  a  successful 
biofuel  industry  from  biomass  feedstock  and  hence,  logistics 
management  and  careful  supply  chain  planning  find  a  significant 
place  in  success  of  lignocellulosic  biobutanol  industry  [17],  LC- 
feedstock  has  considerably  lower  bulk  density,  resulting  in  logis¬ 
tical  challenges,  which  in  turn,  result  in  diseconomy.  In  addition, 
the  cultivation  practices  in  different  countries  or  for  that  matter 
several  regions  in  the  same  country,  vary  according  to  the  climatic 
conditions.  Thus,  the  fields  providing  this  LCB  are  scattered  all  over 
the  country,  thereby,  making  the  collection  of  raw  material 
difficult.  If  analyzed  closely,  the  same  is  true  at  the  global  scale 
too.  Moreover,  transportation  over  such  long  distances  is  econom¬ 
ically  unfeasible  and  adds  to  the  raw  material  cost  [18], 

2.2.  Potential  remedies 

A  year-round  supply  of  biomass  is  the  foremost  requirement  of 
LCB-based  biobutanol  industry  so  as  to  fulfill  the  daily  demand  of 
biomass  in  industry  and  to  circumvent  the  biomass  storage 
problems.  This  problem  can  be  solved  by  adopting  new  cultivation 
methods  and  crop  rotation  techniques  which  might  aid  in  increas¬ 
ing  the  biomass  availability.  Moreover,  replacement  of  one  bio¬ 
mass  residue  with  another  equally  competent  biomass  residue 
would  immensely  help  in  keeping  the  biomass  supply  constant 
round  the  year  for  LC-biobutanol  production.  Alternatively,  a 
successful  melange  of  two  or  three  different  LCBs  can  also  be  used 
to  combat  the  unavailability  of  biomass  throughout  the  year 
without  intervening  in  the  cultivation  practices. 

Logistics  is  the  most  costly  and  challenging  aspect  of  the  LC 
butanol  industry  which  further  increases  exponentially  with  the 
plant  size.  While  logistics  are  often  complex,  modeling  of  logistics 
would  be  useful  in  gaining  insight  into  the  economic  feasibility 
even  before  the  start  of  a  plant.  This  calls  for  optimization  of  the 
feedstock  logistic  system  that  can  integrate  pre-processing  and 
transportation  of  feedstock.  The  logistics,  including  the  collection, 
pre-processing  and  transportation  from  source  locations  to  the 
energy  plant  can  be  modeled  by  means  of  a  network  structure  to 
simulate  the  collection,  storage,  and  transport  operations  for 
supplying  agricultural  biomass  [19],  Although  various  models 
based  on  optimization  and  simulation  approaches  have  been 
modeled  and  reviewed  in  literature,  a  very  few  of  them  combine 
it  with  a  Geographic  Information  System  (GlS)-based  approach. 
For  instance,  Sokhansanj  et  al.  have  developed  a  dynamic  inte¬ 
grated  biomass  supply  analysis  and  logistics  (IBSAL)  model  using  a 
high  level  simulation  language  EXTEND™  to  simulate  collection, 
storage  and  transport  operations  intended  for  supplying  agricul¬ 
tural  biomass  to  biorefinery  [19],  The  IBSAL  model  also  accounts 
for  the  operational  parameters  of  machines  and  storage  limitations 
in  order  to  compute  LCB  supply  costs,  emissions  and  energy  inputs 
required  [19],  On  one  hand  where  it  uses  the  innovative  non-linear 
equations  to  portray  the  dependencies  of  different  factors  on  the 
supply  side,  it  fails  to  depict  the  biomass  to  bioenergy  conversion 
process  and  the  end  uses.  This  brings  in  the  need  for  evolution  of 
these  models.  Another  mathematical  model  presented  by  Dal-Mas 


et  al.  is  the  mixed-integer  linear  programming  (MILP)  model  for 
optimization  of  corn-based  ethanol  supply  chain  in  terms  of 
fiscal  risk  on  investments.  It  deals  with  the  upstream  as  well  as 
downstream  processes  involved  in  bioconversion  of  biomass  to 
biofuel  including  the  process  of  biomass  cultivation,  delivery, 
fuel  production  and  its  distribution  to  demand  centers  [20],  Such 
models  would  be  extremely  beneficial  if  preceded  by  a  GIS-based 
approach  which  allows  assessing  location,  transport,  storage, 
processing  infrastructure  and  final  energy  demand  sites  by  taking 
into  account  the  transport  network,  population  distribution  and 
preventing  co-location  of  other  competitors  of  biomass  feedstock 
[21],  A  further  assessment  of  few  other  parameters  like  the 
tortuosity  factor  of  road  infrastructure  that  takes  into  considera¬ 
tion  the  real  road  network  and  dispersion  of  LCB  resources  with 
the  aid  of  CIS  software  will  help  in  accurately  designing  and 
determining  the  LCB  delivery  cost  using  real  road  network  [22], 

Although  land  use,  existing  and  competing  use  of  LCB  and 
influence  of  climate  are  taken  into  consideration,  some  aspects 
still  remain  overlooked.  These  include  the  sustainability  issues 
such  as  harvesting,  energy  inputs  in  biomass  production,  direct/ 
indirect  land  use,  infrastructure  required  for  processing  steps, 
logistics,  storage  and  biomass  and  biofuel  transport  mode.  There¬ 
fore,  a  hybrid  approach  based  on  optimization,  simulation  and  CIS 
might  prove  to  be  an  effective  tool  and  impart  authenticity  to  the 
results  obtained  through  these  models.  The  multi-criteria  optimi¬ 
zation  will  ease  out  the  selection  of  potential  facility  location  for 
LC-biobutanol  production  on  the  basis  of  LCB  availability,  accessi¬ 
bility  and  transportation  network.  Further,  it  would  be  immensely 
helpful  in  ensuring  sustainability  and  viability  of  biomass  supply 
chain  planning  at  strategic  design  level  and  operational  level.  Thus, 
these  models  will  also  aid  in  increasing  the  efficiency  of  the  entire 
biofuel  supply  chain  planning  of  not  only  biobutanol  industry  but 
also  other  industries  using  LCB  such  as  the  torrefaction  operations, 
LCB  co-fired  power  plants,  etc.  Ergo,  it  will  be  tremendously 
helpful  in  concomitantly  reducing  the  cost  of  feedstock,  transpor¬ 
tation,  energy  consumption  and  GHG  emissions. 

Energy  farming  is  another  means  to  reduce  the  cost  of  raw 
material  by  the  use  of  dedicated  biofuel  crops  like  switchgrass  and 
Miscanthus,  which  require  fallow  and  marginal  lands,  have  low 
nutrient  requirements,  provide  high  yield  and  are  easy  to  grow 
and  harvest.  This  can  be  advantageous  depending  on  the  local 
climate  and  soil  condition  [16].  Alternative  raw  material  especially 
wastes  viz.  domestic  organic  waste,  cheese  whey,  paper  waste,  etc. 
may  be  exploited  for  butanol  production  due  to  the  cheaper 
substrate  value  [23-25].  Utilization  of  such  kind  of  waste  can 
considerably  solve  the  problem  of  waste  accumulation,  its  man¬ 
agement  and  disposal.  In  addition,  this  can  also  economize  the 
butanol  production  process. 

The  economic  assessment  of  butanol  production  based  on 
cellulosic  and  non-cellulosic  feedstock  shows  that  the  production 
data  cost  for  non-commercial  biofuels  like  butanol  is  less  readily 
available  as  compared  to  the  commercially  available  biofuels 

[26,27], 


3.  Pre-treatment 

The  crystallinity  and  high  degree  of  polymerization  of  cellulose, 
its  sheathing  by  lignin  and  hemicellulose  and  low  accessible 
surface  area,  make  LCB  recalcitrant  [40],  Thus,  selective  removal 
of  cellulose  (and  subsequently  glucose)  from  this  tightly  inter¬ 
twined  and  complex  LC  by  pretreatment  is  of  utmost  importance 
in  the  biomass  conversion  process.  This  makes  pre-treatment  of 
biomass  a  significant  step  to  make  biomass  more  amenable  to 
subsequent  cellulose  hydrolysis,  thus,  reducing  the  mass  transport 
limitations  for  chemical  or  biological  catalyst. 


NJ 

Table  2 

Comparative  evaluation  of  different  pretreatment  strategies. 


Sr.  Pretreatment 

Mechanism  of  action 

Advantages 

Limitations 

Cost  of 

Energy  Applicability 

Technology  Remark 

Reference 

no.  method 

entire 

to  wide 

Status 

process 

range  of 
biomass 

1  Mechanical  Reduces  particle  size 

pretreatment 

•  Chipping 

•  Grinding 

•  Milling 


Reduces  crystallinity 


Inability  to  remove  lignin 


y/  Commercial  Processing  step  for  [42] 

other  pretreatment 
methods 


Physical 

Use  of  high  temperature  leading 

Reduces  crystallinity,  increases 

pretreatment 

to  cleavage  of  p-l,4-glycosidic 

accessible 

•  y-irradiation 

bonds 

surface  area 

•  Pyrolysis 

•  Microwave 

irradiation 

Inability  to  remove  lignin, 

+  +  +  +  +  +  V/x 

Research 

Large-scale 

[43] 

environmental  and  safety 

operation 

concerns 

unfeasible 

Physicochemical  pretreatment 

V/x 

Steam  Explosion 

Treatment  with  high-pressure  saturated  steam 
by  holding  it  at  a  high  temperature  (160-260  °C) 
and  pressure  (0.69-4.83  MPa)  for  a  short  period 
(several  seconds  to  few  minutes)  followed  by  a 
rapid  decompression 

Separation  of  individual 
cellulose  fibers,  alteration  of 
lignin,  hemicellulose  removal 

Generation  of  inhibitory 
compounds  and  degradation  of 
xylan  portion 

+  +  + 

+  +  + 

Pilot-scale 

[44] 

Ammonia  fiber 
explosion 

Exposure  to  liquid  ammonia  at  moderate 
temperatures  (80-150  °C)  and  pressure  (200- 
400  psi)  for  5-30  min  followed  by  instantaneous 
pressure  release 

Hemicellulose  solubilization, 
cellulose  decrystallization, 
lignin  depolymerization 

Ammonia  handling  and  recovery 

+  +  + 

+  + 

V/x 

Research 

Unsuitable  for 
biomass  containing 
high  lignin 

[45] 

Liquid  hot  water 

Use  of  hot  water  at  elevated  temperatures 
(160-200  °C)  instead  of  steam 

No  additional  chemicals  and 
minimum  risk  of  inhibitory 
product  formation 

Abundant  water  usage 

+ 

+ 

X 

Research 

Large-scale 

operation 

unfeasible 

[46] 

Supercritical  C02 
explosion 

Injection  of  high  pressure  C02  followed  by 
explosive  decompression 

Disruption  of  cellulosic 
structure  and  increase  in 
accessible  surface  area 

Not  much  effect  on  lignin  and 
hemicellulose 

+  +  + 

+  + 

X 

Research 

[47] 

Wet  air  oxidation 

Uses  air  in  combination  with  water  at  elevated 
temperature  (125-320  °C)  and  pressure 
(0.5-2  MPa)  leading  to  oxidative  reaction 

Opening  of  crystalline  cellulose, 
solubilization  of  hemicellulose 
and  lignin,  limited  formation  of 
inhibitors 

Equipment  cost 

+  + 

+ 

V 

Research 

[48,49] 

4  Chemical  pretreatment 

i  Acid  hydrolysis  Use  of  concentrated  or  dilute  acids 


ii  Alkaline 
hydrolysis 


Uses  lime,  NaOH,  KOH,  Ca(OH)2 
to  solubilize  both  lignin  and  hemicellulose 


iii  Organosolv 
pretreatment 


Uses  organic  solvents  to  break 
lignin-carbohydrate  bonds 


iv  Ozonolysis  Uses  ozone  to  solubilize 
and  reduce  lignin 


Effective  hydrolysis  of 
hemicellulose  to  xylose  and 
lignin  alteration 

Neutralization  step  is  necessary, 
biomass  may  not  be  fermentation- 
compatible,  require  corrosion- 
resistant  reactors 

+  + 

+ 

V 

Pilot-scale 

trials 

[50] 

Effective  removal  of  lignin  and 
acetyl  groups  of  hemicellulose 

Neutralization  step  is  necessary, 
time  consuming 

+  + 

+ 

V/x 

Pilot-scale 

trials 

Unsuitable  for 
biomass  containing 
high  lignin 

[51] 

Separates  lignin  & 
hemicellulose 

May  have  inhibitory  effect  on 
enzymatic  hydrolysis 

+  + 

+  + 

V 

Pilot-scale 

trials 

Solvents  are 
volatile  and  hence 
digester  leaks 
should  be  avoided 

[52] 

Reaction  at  normal  temperature 
and  pressure,  no  formation  of 
toxic  compounds 

Requirement  of  large 
amounts  of  ozone 

+  +  + 

+  +  + 

V/x 

Research 

[53] 
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Ionic  liquids  Ionic  liquids  compete  with  lignocellulosic  Easy  regeneration  of  cellulose  Still  at  research  level  ++  -  \// x  Research 

components  for  hydrogen  bonding,  thereby,  and  hemicellulose  fibers 

disrupting  its  three  dimensional  network 
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While  the  effects  of  pretreatment  on  the  cell  wall  material  are 
highly  complex  and  still  constitute  an  area  of  active  research, 
effective  pretreatments  are  known  to  remove  xylan,  displace  lignin, 
and  de-crystallize  the  cellulose  fibers  [10],  Apart  from  this,  it  should 
have  simple  setup,  be  cost-effective,  energy  efficient,  limited  forma¬ 
tion  of  inhibitors  due  to  sugar  and  lignin  degradation,  effective  on 
wide  range  of  LC  loading,  generate  high  value  lignin  co-product  in 
useable  form  and  fermentation-compatible  pretreated  material. 

Pretreatment  can  either  be  mechanical,  physical,  physicochemical, 
chemical  and/or  biological.  Several  pretreatment  methods  viz.  pyr¬ 
olysis,  ammonia  fiber  expansion  (AFEX),  steam  explosion,  wet  air 
oxidation  (WAO),  alkaline  hydrolysis,  acid  hydrolysis  and  ozonolysis 
have  been  cited  in  the  literature  but  due  to  the  difference  in 
physicochemical  properties  of  many  LCB,  the  pretreatment  method 
varies  in  operating  conditions  for  different  feedstocks  and  contributes 
about  18-20%  of  the  total  cost  (Table  2)  [10,41], 

3.1.  Bottlenecks 


+ 


+ 


& 

<JJ 

> 


"c  of  ^ 
u  o.  e  S3 

x  S  5  X 

p  o  a. 


'5b 


c 

P 


o 

c 


o 

p 

ID 

C 

nj 


■  —  re 
W3  QJ 
O  j- 
~S  QJ 

S  5. 


+ .. 

+  +  „ 
+  +  + 


The  principal  bottlenecks  for  pretreatment  of  LCB  are  the 
recalcitrance  of  LCB,  use  of  high  temperature  and  pressure,  use 
of  extensive  chemicals,  abundant  water  usage,  formation  of 
inhibitors  and  sugar  degradation  products,  energy-intensive  and 
high  capital  costs. 

The  pretreatment  processes  viz.  steam  explosion  [44],  AFEX 
[45],  supercritical  C02  explosion  [47],  and  wet  air  oxidation  [48,49] 
operate  at  high  temperature  and  pressure  that  require  high 
amount  of  energy,  making  the  process  energy-intensive.  Moreover, 
operation  at  such  high  temperature  and  pressure  leads  to  degra¬ 
dation  of  hexose  and  pentose  sugars  to  a  certain  extent.  Never¬ 
theless,  many  of  them  are  unsuitable  for  biomass  containing  high 
lignin  content  [43,46], 

In  contrast,  chemical  methods  viz.  acid/alkaline  hydrolysis,  ozo¬ 
nolysis,  organosolv  pretreatment  [44,52],  etc.  make  excessive  use  of 
chemicals  such  as  concentrated  acids  [46,55],  oxidizing  agents, 
hydrogen  peroxide  [56],  etc.  which  necessitate  an  additional  neu¬ 
tralization  step  to  neutralize  these  chemicals  that  may  interfere  in  the 
subsequent  hydrolysis  and  fermentation  steps.  In  addition,  these 
acids  are  toxic,  corrosive  and  hazardous,  which  prompt  the  need  for 
reactors  that  are  resistant  to  corrosion.  This  makes  the  entire  process 
unfeasible  [50].  Moreover,  acid  pretreated  materials  are  sometimes 
harder  to  ferment  due  to  the  presence  of  toxic  substances  [43], 

The  principal  limitation  of  many  pretreatment  strategies  is 
partial  degradation  of  pentose  sugars  and  formation  of  inhibitory 
and  toxic  compounds  like  furan  aldehydes  and  carboxylic  acids 
that  may  interfere  in  hydrolysis  and  fermentation  processes  [42], 
Some  of  the  pretreatments  though  useful  are  expensive  and  may 
raise  environmental  concerns,  thereby  making  the  process  unfea¬ 
sible  at  industrial  level.  In  AFEX,  cost  of  ammonia,  its  handling  and 
recovery,  makes  the  pretreatment  more  costly  [45],  The  use  of 
abundant  water  during  the  liquid  hot  water  pretreatment  makes  it 
economically  unfeasible  [46].  Wet  air  oxidation  also  involves  high 
capital  costs  [48],  Similarly,  ozonolysis,  wherein  ozone  is  used  to 
solubilize  and  reduce  lignin,  is  a  costly  method  due  to  requirement 
of  large  amount  of  ozone.  Thus,  the  major  challenge  is  to  minimize 
water  usage  and  energy  requirements,  and  limit  the  excess 
generation  of  wastewater  and  cost  of  the  pretreatment  process 
to  make  it  economically  feasible  at  industrial  scale. 

3.2.  Potential  remedies 

It  is  anticipated  that  a  combination  of  pretreatments  might 
prove  to  be  beneficial  since  the  advantages  of  both  the  pretreat¬ 
ments  together  can  yield  a  potential  output  and  the  limitations  of 
one  pretreatment  may  be  surmounted  by  the  other  pretreatment 
used  in  the  combination.  For  example,  WAO  coupled  with  alkaline 
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hydrolysis,  combination  of  biological  pretreatments  with  mild 
physical  or  chemical  pretreatment  sounds  to  be  an  effective 
alternative  [57].  This  may  lead  to  minimization  of  the  use  of 
chemicals  and  critical  operating  conditions  viz.  high  temperature 
and  pressure. 

In  order  to  minimize  the  recalcitrance  of  biomass,  the  inter¬ 
vention  of  plant  molecular  biology  may  aid  in  genetically  engi¬ 
neering  a  plant  to  contain  less  lignin  in  the  biomass,  thereby, 
increasing  the  cellulose:  hemicellulose  content,  which  contributes 
mainly  to  formation  of  sugars  required  for  fermentation.  Similar 
efforts  on  manipulating  lignin  content  have  been  done  in  switch- 
grass  cultivars  [58,59].  This  would  probably  help  in  reducing  the 
cost  of  pretreatment  step.  However,  lignin  plays  an  active  role  in 
the  defense  of  the  plants  and  hence  removal  of  lignin  may  lead  to 
some  untoward  conditions.  Thus,  this  problem  needs  to  be 
addressed  appropriately. 

Application  of  newer  techniques  such  as  ionic  liquids  (e.g. 
l-alkyl-3-methyl-imidazolium  cations  and  various  anions)  is  an 
interesting  weapon  in  chemist's  armory  and  sounds  promising 
since  they  are  thermostable,  non-volatile,  environmentally 
friendly  and  disrupt  the  3-D  network  of  LCB  [54].  Another  strategy 
that  avoids  use  of  excess  chemicals  and  water  is  biological 
pretreatment  that  uses  brown-  (mainly  attack  cellulose),  white- 
and  soft-rot  fungi  (attack  both  cellulose  and  lignin)  for  biological 
delignification  [9,55],  Although  biological  pretreatment  is  slow  but 
advantageous  in  terms  of  high  specificity,  low  energy  requirement 
for  lignin  removal,  and  mild  environmental  conditions  that  avoid 
sugar  degradation. 

Moreover,  for  abatement  of  pretreatment  cost,  certain  strate¬ 
gies  can  be  applied.  For  instance,  dilute  acids  can  replace  concen¬ 
trated  acids  during  the  acid  hydrolysis  since  dilute  acids  (0.4-4%) 
are  inexpensive  and  effective  in  hydrolyzing  hemicellulose  to 
xylose  and  other  sugars.  In  addition,  80-90%  hemicellulose  sugars 
are  recoverable  by  dilute  acid  technology  [51,56].  The  solvents  can 
be  removed  and  recycled  in  organosolv  and  ionic  liquid  pretreat¬ 
ment  [52,54],  Bioengineered  microbes  hold  a  promise  in  reducing 
the  cost  of  pretreatment  and  can  provide  solution  to  the  bottle¬ 
necks  involved  in  pretreatment  strategy.  Attempts  have  been 
made  on  in  bioengineering  of  microbes  (e.g.  Limnoriciquadri 
punctata )  for  producing  the  enzymes  for  lignin  degradation  [60], 

Another  strategy  that  can  contribute  positively  towards  the 
process  economics  is  to  utilize  the  high-calorific  value  lignin  to 
generate  electricity  in  a  power  plant  that  can  be  integrated  with 
the  butanol  plant.  Nevertheless,  the  power  generated  can  also  be 
used  to  supplement  the  energy  requirements  of  the  butanol  plant 
itself,  thus  making  it  self-reliant  in  terms  of  energy.  In  addition, 
lignin  can  be  utilized  for  obtaining  variety  of  value-added  products 
like  vanillin  and  gallic  acid,  which  are  used  as  anti-foaming  and 
anti-microbial  agents,  in  production  of  herbicides  and  as  drugs. 
The  pretreatment  of  hemicellulose  results  in  formation  of  xylose, 
which  generates  xylitol  and  furfural,  which  can  be  put  to  use  as  a 
sweetener  and  in  manufacturing  of  varnishes  and  pesticides, 
respectively  [15],  The  wastewater  generated  during  the  pretreat¬ 
ment  step  can  be  anaerobically  digested  to  produce  biogas  that 
may  be  used  to  feed  boilers  and  power  plants. 

A  scientific  and  engineering  approach  is  required  for  selection  of 
appropriate  pretreatment  strategy  and  its  optimization  with  respect 
to  particular  biomass  since  the  optimized  operating  conditions  of  any 
pretreatment  strategy  will  vary  for  different  biomass  owing  to  the 
difference  in  physicochemical  properties  of  biomass  and  variability  in 
its  chemical  composition.  Additionally,  optimization  of  any  pretreat¬ 
ment  strategy  should  also  take  into  consideration  the  scale-up 
parameters  since  the  results  obtained  at  bench-scale  may  not 
necessarily  depict  the  situation  at  pilot-scale.  Thus,  it  is  suggested 
that  a  meticulous  scientific  outlook  is  required  in  order  to  gain 
insight  into  the  precise  mechanism  of  the  selected  pretreatment 


strategy  and  an  engineering  outlook  will  assist  in  its  proper  optimi¬ 
zation  and  will  also  play  a  decisive  role  in  determining  its  scale-up 
feasibility. 


4.  Hydrolysis 

LCB  is  high  in  cellulose  and  hemicellulose  content,  which  can 
be  converted  to  soluble  sugars  by  hydrolysis  and  subsequently 
fermented  to  yield  butanol.  Chemical  and  enzymatic  methods  are 
the  commonly  employed  methods  for  cellulose  and  hemicellulose 
hydrolysis.  The  chemical  method  uses  high  operating  temperature 
and  high  acid  concentration  making  the  process  uneconomical; 
acid  neutralization  and  recovery  also  involve  huge  costs  [9],  In 
addition,  acid  hydrolysis  results  in  poor  yield,  sugar  degradation 
and  generation  of  wastewater,  which  warrants  further  investment 
for  the  treatment.  Conversely,  enzymatic  hydrolysis  is  highly 
specific,  requires  low  energy,  provides  higher  conversion  yields, 
requires  ambient  operating  conditions,  does  not  lead  to  corrosion 
and  has  lower  environmental  impact  as  compared  to  acid  hydro¬ 
lysis.  In  addition,  there  is  no  generation  of  toxic  inhibitors. 

Enzymatic  hydrolysis  is  an  eco-friendly  process  for  cellulose 
conversion  to  sugars  and  uses  the  enzyme  cellulase.  Cellulases, 
which  may  be  of  fungal  or  bacterial  origin,  are  a  mixture  of  at  least 
three  different  enzymes  that  operate  synergistically.  This  enzyme 
cocktail  includes  (i)  endo-acting  p-l-4-endoglucanases  (EC 
3.2.1.4)  which  attack  the  amorphous  or  low  crystallinity  regions 
of  cellulose,  thus,  creating  new  chain  ends  for  exoglucanases;  (ii) 
exo-acting  |1-1  -4-exogIucanases  or  cellobiohydrolases  (EC 
3.2.1.91)  which  adsorbs  onto  the  free  chain-ends,  threads  it 
through  its  active  site  and  cleaves  off  the  cellobiose  units;  and 
(iii)  p-glucosidase  (EC  3.2.1.21)  which  breaks  down  cellobiose  to 
produce  glucose  monomers  [15].  Exoglucanases  exist  in  two  forms 
-  one  that  proceeds  from  reducing  end  of  the  chain  and  other  that 
proceeds  from  non-reducing  end.  Hydrolysis  of  cellulose  has  been 
depicted  diagrammatically  in  Fig.  1.  A  thermodynamic,  kinetic, 
biochemical  and  molecular  simulation  might  help  to  gain  insight 
into  the  mechanism  of  cellulase  action  [55,61]. 

4.1.  Bottlenecks  in  enzymatic  hydrolysis  of  LCB 

Complexity  and  heterogeneity  of  LCB,  which  are  contributed  by 
cellulose  crystallinity,  acetyl  groups  of  hemicellulose,  and  lignin 
and  degree  of  polymerization,  govern  the  enzyme  accessibility,  its 
rate,  extent  and  efficiency  [40,62,63],  In  addition,  limited  under¬ 
standing  of  basic  hydrolysis  process  also  limits  the  success  of 
cellulose  degradation. 

The  enzyme  properties  influencing  the  process  of  hydrolysis 
include  the  enzyme  concentration,  concoction  of  enzymes  used,  its 
specificity,  the  enzyme  loading  and  contact  time  with  the  sub¬ 
strate.  The  cost  of  enzyme  is  another  hurdle  in  cost-effectiveness 
of  the  process  since  it  increases  the  load  on  the  process  economics 
of  LC  butanol.  This  has  provoked  the  hunt  for  novel  high  cellulase- 
producing  microbes  and  development  of  hypercellulolytic  strains 
using  genetic  and  enzyme/protein  engineering.  Many  cell  wall 
deconstructing  enzymes  have  been  isolated  and  characterized  and 
others  are  still  under  investigation  [64], 

4.2.  Potential  remedies 

A  decrease  in  hydrolysis  time,  enzyme  loading  and  enzyme  cost 
can  be  acquired  by  adopting  a  proficient  pretreatment  method  and 
increasing  the  enzyme  efficiency  and  specific  activity  since  the 
rate  of  hydrolysis  depends  on  enzyme  loadings,  hydrolysis  period, 
and  the  structural  changes  occurring  during  pretreatment. 
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Fig.  1.  Schematic  representation  of  enzymatic  hydrolysis  of  lignocelluloses. 


An  enzyme  cocktail  consisting  of  thermostable,  highly  specific 
cellulases,  p-glucosidases  and  xylanases  (most  abundant  class  of 
hemicellulases  that  degrade  xylan)  in  appropriate  proportion  can 
help  overcome  the  barriers  to  cellulose.  The  ideal  cellulase  must  be 
highly  active  on  the  intended  LCB  material,  must  have  the  ability 
to  completely  hydrolyze  the  biomass  and  withstand  shear  forces, 
operate  at  mild  conditions,  and  should  not  inhibit  other  enzymes 
in  the  cocktail  [65],  In  addition,  supplementing  the  cellulase 
preparation  with  the  accessory  enzymes  like  xylanase  and 


pectinase  can  improve  the  functioning  of  cellulases.  Functional 
proteins  such  as  expansins  and  swollenins  (obtained  from  Tricho- 
derma  ressei)  can  also  promote  enzymatic  hydrolysis  by  disrupting 
the  cellulose  crystalline  structure  by  breaking  the  hydrogen  bonds 
between  cellulose  fibers  and  polysaccharide  polymers  [66], 

Furthermore,  employing  the  use  of  additives  such  as  non-ionic 
surfactants  (e.g.  Tween  20  or  Tween  80)  and  non-catalytic  proteins 
(e.g.  Bovine  Serum  albumin  or  polyethylene  glycol)  might  circum¬ 
vent  the  glitch  of  unproductive  and  irreversible  binding  of 
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cellulase  to  lignin  and  hemicellulose,  which  consequently  lead  to 
improved  enzyme  performance.  This  leads  to  increase  in  the 
enzyme  activity  level;  consequently,  enzyme  loading  is  reduced 
and  increase  in  yield  is  observed;  another  strategy  to  lower  the 
processing  costs  [55,66], 

In  order  to  overcome  the  biomass-related  bottlenecks,  ultra¬ 
sound  waves  can  be  applied  to  the  pretreatment  and  saccharifica¬ 
tion  process,  thus,  augmenting  the  rate  of  enzymatic  hydrolysis  of 
pretreated  biomass.  Zhang  et  al.  have  shown  that  ultrasound 
assisted  with  alkali  pretreatment  enhances  the  catalytic  efficiency 
by  70%  by  disrupting  the  intermolecular  hydrogen  bonding  of 
lignocellulose  and  decreasing  the  crystallinity  [67],  The  cavitation 
effect  of  ultrasound  waves  and  acoustic  streaming  leads  to  matrix 
swelling  and  partial  delignification  and  intensifies  the  mass 
transfer  rate  [67],  thus,  enhancing  the  transport  of  enzyme 
molecules  towards  the  substrate  surface.  Moreover,  the  mechan¬ 
ical  impacts  produced  by  collapse  of  cavitation  bubbles  assist  in 
opening  up  the  surface  of  solid  substrates  for  the  enzyme  action 
[68],  Studies  on  the  effect  of  ultrasonic  intensity  and  reactor  scale 
on  the  kinetics  of  enzymatic  saccharification  depicts  an  efficient 
hydrolysis  on  increasing  the  specific  ultrasonic  intensity  [69], 

In  addition,  enzymatic  hydrolysis  at  high  solid  loading  and  low 
enzyme  loading  demonstrates  the  production  of  high  sugar  yield 
[70],  Another  problem  is  the  deactivation  of  enzyme,  which 
increases  the  enzyme  loading.  The  feedback  inhibition  of  cellulases 
occurs  due  to  the  inhibition  of  cellulose  binding  domain  by  high 
concentration  of  the  products  (e.g.  cellobiose  and  glucose).  Simul¬ 
taneous  saccharification  and  fermentation  may  provide  a  key  to 
the  problem  of  deactivation  of  enzyme.  On-site  enzyme  produc¬ 
tion,  improvement  in  enzyme  specific  activity  and  recycling  or 
recovering  the  enzyme  by  ultrafiltration,  ion  exchange  chromato¬ 
graphy  and  immobilization  can  further  aid  in  reducing  enzyme 
cost  [55],  Some  approaches  such  as  employing  membrane  for 
enzyme  separation  for  its  reuse  and  fed-batch  strategy  over  batch 
mode  hydrolysis  might  also  prove  effective  in  order  to  increase  the 
sugar  yield  at  high  biomass  loading  and  low  enzyme  loading. 

The  researchers  need  to  focus  on  developing  the  cost-effective 
enzyme  system  suitable  for  effective  enzymatic  hydrolysis  of  LCB. 
Moreover,  the  left-over  fraction  of  LCB  after  hydrolysis  has  a  high 
tensile  strength  and  can  be  explored  for  generation  of  various 
value-added  products.  Additional  research  on  the  molecular 
mechanism  and  optimization  of  hydrolysis  process  and  reaction 
conditions  may  help  in  understanding  and  overcoming  the  grid¬ 
locks  involved  in  the  process  and  would  provide  a  breakthrough  in 
butanol  production. 


4.3.  Current  market  scenario  of  commercial  cellulase  enzymes 

Enzyme  manufacturing  giants  such  as  Genencor  International, 
Novozymes  Inc.,  are  the  current  international  players  in  commer¬ 
cial  production  of  cellulases.  The  launch  of  Accelerase®  1500,  a 
cellulase  complex  intended  specifically  for  LCB,  by  Genencor  has 
significantly  improved  the  formulation  and  activity.  Genencor  has 
also  launched  Accelerase®  XY,  an  accessory  xylanase  enzyme  and 
Accelerase®  BG,  an  accessory  p-glucosidase,  which  when  blended 
with  cellulase  can  prove  to  be  highly  efficient  [71  ].  On  similar  lines, 
Novozymes  have  unveiled  its  latest  innovation,  NovozymesCellic® 
CTec3,  on  22  February,  2012  [72],  Other  companies  such  as  Amano 
Enzyme  Inc.  in  Japan,  Dyadic  are  also  not  lagging  behind  in  the 
race  to  produce  a  cutting  edge  enzyme  and  have  launched  their 
enzyme  products  -  Viscostar  150  L  (Dyadic,  USA),  Cellulase  AP30K 
and  Cellulase  TAP106  (Amano  Enzyme  Inc.,  Japan).  Recent  launch 
of  CodeXyme™  has  marked  the  entry  of  Codexis’  into  global 
cellulase  market  [73], 


5.  Fermentation 

Traditionally,  butanol  was  produced  by  acetone-butanol-etha- 
nol  (ABE)  fermentation  process  in  the  ratio  3:6:1  using  Clostridium 
acetobutylicum  as  the  fermenting  strain  [74].  ABE  fermentation 
involves  two  sequential  phases  -  the  first  phase  comprises  of 
‘acidogenesis’  phase  wherein  an  exponential  growth  phase  is 
observed  along  with  conversion  of  glucose  to  butyric  acid  while 
in  the  second  phase  a  fermentation  switch  is  encountered  and 
butyric  acid  is  converted  to  butanol  via  ‘solventogenesis’  phase 
[75].  Currently,  butanol  is  being  produced  via  petrochemical  route, 
which  is  not  an  environmentally  conscious  method  of  making 
butanol.  Ergo,  it  becomes  essential  to  eliminate  the  barriers  in 
fermentation  in  order  to  maximize  butanol  productivity. 

A  variety  of  different  process  configurations  are  available  for 
fermentation  of  pretreated  and  hydrolyzed  biomass.  Fermentation 
configuration  available  for  LC-biobutanol  production  includes 
separate  hydrolysis  and  fermentation  (SHF),  simultaneous  sacchar¬ 
ification  and  fermentation  (SSF)  and  consolidated  bioprocessing 
(CBP)  [77-80],  All  these  fermentation  configurations  can  be 
operated  in  batch,  fed-batch  and  continuous  modes  with  their 
own  pros  and  cons.  However,  butanol  productivity  in  batch  mode 
is  lower  than  that  in  fed-batch  and  continuous  mode  [76,81,82], 

Consolidated  bioprocessing  (CBP)  is  deemed  as  a  promising 
approach  for  biobutanol  production  since  it  uses  cellulolytic 
microorganisms  that  produce  cellulase  and  perform  hydrolysis 
and  fermentation  in  a  single  step.  Clostridium  thermocellum, 
Clostridium  sterocorarium  and  Bacteroides  cellulosolvens  have  been 
investigated  for  high  efficiency  CBP  and  have  been  used  for 
isobutanol  production  through  direct  cellulose  use  from  Clostri¬ 
dium  cellulolyticum  [79,80], 

A  two-stage  fermentation  approach  can  be  adopted  wherein  in 
first  stage,  Clostridium  tyrobutyricum  ferments  biomass  to  butyric 
acid  while  in  second  stage,  C.  acetobutylicum  ferments  butyric  acid 
to  butanol  [83],  Increase  in  efficiency  of  butyric  acid  production 
was  observed  by  the  immobilization  of  C.  tyrobutyricum  onto  a 
packed  bed  of  fibrous  matrix  in  a  fibrous  bed  bioreactor  and  a 
fluidized  bed  reactor  [39,84], 

5.3.  Bottlenecks 

The  bottlenecks  in  ABE  fermentation  include  low  butanol  titers 
that  reduce  sugar  loadings,  production  of  unwanted  solvents,  low 
butanol  tolerance  by  fermenting  strain  and  low  productivity. 
Collectively,  these  gridlocks  result  in  significant  increase  in  the 
entire  process  cost. 

In  a  typical  batch  process,  total  solvent  concentration  generated 
by  ABE  fermentation  amounts  to  20  g/L,  of  which,  butanol 
accounts  to  just  13  g/L.  This  low  butanol  yield  and  productivity  is 
due  to  low  cell  densities  that  are  caused  by  lack  of  butanol 
tolerance  by  the  fermenting  strain  [11],  Another  gridlock  encoun¬ 
tered  during  fermentation  is  sporulation  of  the  fermenting  strain. 
Sporulation  and  solventogenesis  are  contemporaneous;  though, 
sporulation  is  not  essential  for  solvent  formation  since  sporulation 
directs  the  bacterial  cells  to  enter  a  state  of  dormancy  wherein 
they  do  not  produce  solvents  [85,86],  A  key  regulator  of  solvento¬ 
genesis,  SpoOA,  which  on  phosphorylation  begins  sporulation,  has 
been  identified  in  conjunction  with  the  sigma  factors/transcription 
regulators  (crE,  ctf,  crG,  <rK),  whose  inactivation  may  lead  to 
unyoking  of  sporulation  and  solventogenesis  [87], 

5.2.  Potential  remedies 

Attempts  have  been  made  to  increase  the  butanol  titer  by 
constructing  a  customized  clostridial  butanol  pathway  in  Escher¬ 
ichia  coli.  In  this  attempt,  the  driving  forces  NADH  and  acetyl-CoA 
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Fig.  2.  Butanol  production  pathway  and  approaches  to  increase  butanol  produc¬ 
tion.  The  electron  donors  and  acceptors  are  not  shown  here  for  avoiding 
complexity. 


lead  to  production  of  butanol  in  high  titer  of  30  g/L  and  high  yield 
(70-88%  of  the  theoretical)  [88], 

As  stated  earlier,  acetone  and  ethanol  are  also  formed  along 
with  butanol  during  ABE  fermentation.  This  production  of 
unwanted  solvents  is  a  burden,  which  influences  the  cost  of  ABE 
fermentation.  This  calls  for  engineering  of  the  process  and/or 
solventogenic  Clostridia  in  order  to  increase  butanol  production 
and  suppress  the  production  of  unwanted  solvents,  thereby, 
plummeting  the  cost  of  overall  fermentation  process.  In  order  to 
redirect  the  carbon  flow  from  ethanol  and  acetone  towards 
butanol,  deeper  insight  and  profound  knowledge  of  the  regulation 
of  metabolic  flux  are  obligatory  [87], 

The  biosynthesis  of  acetone,  ethanol  and  butanol  occurs  by  a 
central  pathway  that  later  bifurcates  to  produce  the  respective 
solvents  (Fig.  2).  Acetyl-CoA,  which  is  involved  in  butyryl-CoA 
formation,  is  the  principal  branch  point  for  these  different  pathways. 
However,  during  the  above  conversion  process,  acetyl-CoA  condenses 
to  form  acetoacetyl-CoA,  which  is  the  rate-limiting  step  since  it  is 
thermodynamically  unfavorable  with  the  standard  Gibbs  free-energy 
change  of  5.3.  In  order  to  make  this  reaction  thermodynamically 
favorable,  a  high  concentration  of  acetyl-CoA  is  required  [86].  This 
may  be  done  by  overexpression  of  the  gene  involved  in  acetyl-CoA 
production.  In  order  to  inhibit  production  of  unwanted  solvents,  the 
existing  side  pathways  can  be  blocked  so  that  carbon  and  electron 
flow  are  directed  towards  butanol.  This  can  be  done  by  inhibiting  the 
enzymes  involved  in  side  pathways,  thereby  preventing  formation  of 
byproducts.  Thus,  selectively  producing  butanol  may  ease  out  the 
recovery  process,  too.  Some  efforts  on  utilization  of  antisense  RNA 
technology  for  downregulation  of  a  few  genes  encoding  enzymes 
involved  in  butanol  synthesis  have  been  reported  [89], 

The  most  important  bottleneck  in  selection  of  strain  for  LC 
butanol  production  is  butanol  tolerance  capacity  of  the  fermenting 
strain.  It  is  reported  that  the  cell  metabolism  usually  ceases  after 
the  solvent  reaches  the  inhibitory  levels  of  around  2%  (v/v), 
thereby,  demonstrating  their  inability  to  surmount  the  2%  butanol 
barrier  [90],  The  toxicity  of  butanol  to  the  fermenting  strain  is 
measured  in  terms  of  partition  coefficient  of  butanol,  represented 


by  logP  value  [91],  Butanol  has  a  lower  logP  value  of  0.8,  which 
indicates  greater  polarity  of  the  solvent,  thus  exposing  the  cells  to 
high  concentration  of  solvent  and  thereby,  mediating  a  toxic 
response  [92].  The  mechanisms  for  butanol  tolerance  by  the 
fermenting  strain  include  membrane  modifications  like  mem¬ 
brane  adaptation  by  increasing  the  membrane  rigidity  and  declin¬ 
ing  membrane  permeability  by  cis-trans  isomerization. 

Although  many  microorganisms  including  E.  coli  [93],  Pseudo¬ 
monas  putida  [92],  Bacillus  subtilis  [94],  Lactobacillus  brevis,  Lacto¬ 
bacillus  delbrueckii  [95]  and  many  others  have  been  exploited  for 
engineering  butanol  pathway  and  increasing  butanol  tolerance,  E. 
coli  is  still  the  scientific  paradigm  for  genetic  manipulation.  This  is 
due  to  the  wealth  of  knowledge  about  this  microorganism  being 
well  documented  and  all  its  genes  have  been  identified  along  with 
a  vast  majority  of  its  pathways  [96j.  Atsumi  et  al.  have  demon¬ 
strated  the  production  of  butanol  by  engineering  a  synthetic 
butanol-producing  pathway  in  E.  coli  [93].  A  computational 
approach  can  aid  in  designing  and  analyzing  new  and  innovative 
pathways  to  enhance  butanol  production.  The  attractive  pathways 
can  be  selected  based  on  the  pathway  length,  metabolic  flux 
analysis,  molecular  docking,  and  thermodynamic  feasibility  [97], 
Ranganathan  and  Maranas,  through  in  silico  engineering  have 
suggested  new  pathways  and  genetic  interventions  for  overpro¬ 
duction  of  1 -butanol  using  E.  coli  [98], 

The  synthetic  biology  approach  wherein  alteration  in  gene 
regulation  is  espoused  to  inspect  and  exploit  bacteria  for  enhan¬ 
cing  butanol  yield  and  butanol  tolerance  can  also  be  adopted.  This 
can  be  done  by  a  complex  approach  of  targeting  more  than  one 
gene  simultaneously  or  by  engineering  robustness  in  the  bacteria 
in  order  to  produce  desired  solvents  and  maintain  maximum 
carbon  flux  towards  it  regardless  of  changes  in  physiological 
conditions  [99,100],  Butanol  tolerance  can  be  significantly 
increased  by  changes  in  composition  of  membrane  proteins  and 
lipids,  membrane  hydrophobicity,  engineering  efflux  mechanisms, 
and  overexpression  of  heat  shock  proteins  since  these  are  upre- 
gulated  in  response  to  solvent  stress  [86,91,95,101,102], 


6.  Butanol  recovery 

Butanol  recovery  from  the  fermentation  broth  involves  capture  of 
butanol  from  the  aqueous  stream  followed  by  its  purification  and 
recycling  of  the  aqueous  stream  back  to  the  fermentor.  Butanol  can 
be  either  in  vapor,  liquid,  solid,  or  supercritical  phase  after  its 
separation  from  the  aqueous  stream,  thereby,  indicating  that  butanol 
separation  is  regulated  by  its  phase  behavior.  The  separation  can  be 
energy-based  separation,  mass-based  separation  and  kinetically 
based  separation  [103],  Gas  stripping,  reverse  osmosis,  perstraction, 
liquid-liquid  extraction,  vacuum  stripping,  membrane  distillation, 
vacuum  membrane  distillation  and  pervaporation  are  the  eminent 
recovery  processes  employed  for  in  situ  selective  separation  and 
simultaneous  removal  of  butanol  and  are  presented  in  details  in 
Table  3,  citing  their  advantages  and  limitations  along  with  a 
comparative  evaluation  of  energy  requirements  [76,104-106],  The 
schematic  representation  of  these  processes  is  given  in  Fig.  3a-d. 

6.3.  Bottlenecks 

The  low  butanol  concentration  in  the  fermentation  broth 
results  in  a  dilute  product  stream  making  the  process  energy- 
intensive  and  pricey.  Incorporating  a  simultaneous  or  online/in 
situ  removal  of  butanol  from  the  fermentation  broth  provides  an 
appropriate  solution  to  prevent  the  inhibition  by  the  solvents  and 
improvement  in  solvent  productivity  [107], 

Phase  transition,  an  important  aspect  in  butanol  recovery,  can 
occur  from  liquid  to  vapor  or  solid  phase.  The  enthalpy  of  transition 
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Table  3 

Comparative  evaluation  of  butanol  recovery  process. 


Sr. 

no. 

Recovery 

method 

Advantages 

Limitations 

Efficiency 

Operating 

cost 

Energy 

requirement 

(kcal/kg 

butanol) 

Technology  status 

Reference 

1 

Distillation 

Simple,  well-established  conventional 
process 

High  operating  cost, 
intense  energy 
consumption  and 
azeotrope  formation 

+  + 

+  +  + 

5789 

Commercial  but 
cannot  be  applied 
for  butanol 
recovery 

[76,103,109] 

2 

Gas  stripping 

Simple,  prevents  fouling  and  clogging,  use  of  High  operating  cost 
external  unit  allows  heating  without 
disturbing  temperature  of  fermentation 
broth 

+  + 

+  +  + 

5220 

Research 

[104,112-114] 

3 

Solvent 

Extraction 

Easy  extraction  and  recovery  of  extractant, 
extremely  non-polar  extractant  leads  to  high 
selectivity 

Extractant  toxicity,  rag 
layer  formation 

+  +  + 

+  + 

2119 

Research 

[76,115] 

4 

Pervaporation 

Selective  removal  of  butanol,  membrane 
stability 

Fouling,  high  cost 

+  +  + 

+  +  + 

3295 

Research 

176,103,104] 

5 

Adsorption 

Energy-efficient  recovery 

Low  capacity  of 
adsorbent,  unsuitable  for 
industrial  scale 

+  +  + 

+ 

1948 

Research 

[109] 

6 

Perstraction 

Avoids  direct  contact  of  extractant  and 
fermentation  broth 

Fouling,  high  cost 

+  +  + 

+  +  + 

NA 

Research 

[104,109] 

7 

Reverse 

osmosis 

Simple 

Solubility  of  R.O. 
membranes  in  acetone, 
which  is  one  of  the 
byproducts 

+ 

+  + 

NA 

Not  applied  for 
butanol  recovery 

8 

Liquid-liquid 

demixing 

Employs  salts  to  reduce  the  solubility  of 
butanol  and  phase  separation 

Salt  concentration  is  too 
high  and  may  disturb 
cells'  internal 
environment 

+ 

+  + 

NA 

Research 

[103] 

9 

Freeze 

crystallization 

Thermodynamically  favorable  due  to  lower 
enthalpy  of  fusion  than  enthalpy  of 
vaporization  of  butanol  and  water 

Additional  cost  of  solids 
handling 

+  + 

+  + 

NA 

Research 

[108] 

10 

Ionic  liquids 

Non-volatile,  environmentally  friendly 

Non-toxicity  of  the  ionic 
solvents  should  be 
verified  before 
application 

+  + 

+  + 

NA 

Research 

[105] 

+  +  + :  Highly  significant. 
+  + :  Significant. 

+ :  Less  significant. 


from  liquid  to  vapor  (AHvap)  of  butanol  is  43.29  kj/mol  while  that  for 
water  is  40.65  kj/mol.  Moreover,  enthalpy  of  fusion  (A  Hfus)  of  butanol 
is  9.37  kj/mol  while  that  for  water  is  6.01  kj/mol  [108],  Butanol  has 
slightly  higher  value  of  enthalpy  when  calculated  on  molar  basis 
while  enthalpy  of  water  is  3  times  higher  than  butanol  when 
calculated  based  on  mass  [108],  This  unfavorable  thermodynamics 
of  butanol-water  system  make  the  recovery  of  butanol  difficult 
through  distillation.  Moreover,  ABE  fermentation  process  is  a  multi¬ 
solvent  system,  making  separation  of  butanol  even  more  complicated 
thermodynamically. 

Energy  consumption  during  the  recovery  process  has  a  sig¬ 
nificant  contribution  towards  the  cost.  The  butanol  capture  step 
alone  contributes  to  about  90%  of  the  energy  consumption  when 
butanol  is  concentrated  at  50%.  Nevertheless,  most  of  the  systems 
do  not  achieve  a  50%  concentration.  The  energy  requirement  is 
estimated  based  on  the  enthalpy  change  of  the  product  portion  of 
the  feed  flow  and  is  a  function  of  temperature  and  pressure  [109], 

6.2.  Potential  remedies 

The  primary  bottleneck  in  the  butanol  recovery  process  i.e.  the 
dilute  product  stream  can  be  surmounted  by  increasing  butanol  titer 
using  the  cell  immobilization  technique  (discussed  in  Section  5)  and  a 
membrane  reactor.  An  improved  membrane  cell  recycle  reactor 
system  provides  a  robust  strategy  to  increase  cell  concentration  by 
returning  the  cells  to  the  bioreactor  using  a  membrane  filter  and  clear 
liquid  containing  butanol  and  other  solvents  are  removed  for  further 
separation  [110],  This  increases  the  reactor  productivity  and  eases  the 


recovery  process.  Tashiro  et  al.  have  reported  to  have  obtained  a  high 
ABE  production  in  continuous  culture  with  high  cell  density  by  cell 
recycling  and  cell  bleeding  without  strain  degeneration  [110],  How¬ 
ever,  the  principal  drawback  of  this  technique  is  membrane  fouling 
which  can  be  overcomed  through  module  design  [106], 

The  microreactor  system  for  extraction  process  is  also  an  attractive 
alternative  having  small  volume  and  allowing  better  reaction  control 
due  to  laminar  flow  operation  [111].  The  liquid-liquid  microreactor 
system  employs  phase  transfer  catalysis  wherein  catalysts  penetrate 
the  interface  between  two  immiscible  liquid  phases.  For  instance,  the 
liquid-liquid  microreactor  system  has  been  employed  for  extraction 
of  butanol  from  toluene  [111].  The  same  technology  can  be  applied  for 
butanol  recovery  from  fermentation  broth. 

Application  of  single  recovery  process  may  not  serve  the 
purpose  since  every  recovery  process  mentioned  in  Table  3  has 
its  own  advantages  and  disadvantages.  Thus,  it  is  suggested  to 
have  a  hybrid  process  -  a  combination  of  one  or  more  recovery 
processes  at  different  stages  of  fermentation.  This  will  bring 
flexibility  in  the  separation  process  that  can  be  carried  out  at 
any  stage.  Consequently,  multi-stage  recovery  can  lead  to  recovery 
of  not  only  butanol  but  also  many  fermentation  intermediates  that 
can  be  further  used  for  different  purposes. 


7.  Process  intensification 

Process  intensification,  a  new  concept  that  involves  developing 
a  considerably  cleaner,  smaller  and  energy-efficient  technology,  is 
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Feed  in 


Fermentation 

broth 


Recovery  of  butanol 
from  organic  phase  by 
back  extraction  or 
distillation 


Recycled 


Pervaporation  module 


Fig.  3.  (a)  Gas  stripping  as  a  technique  for  butanol  recovery,  (b)  Liquid-liquid 
extraction,  (c)  Perstraction  -  a  technique  for  butanol  recovery,  (d)  Pervaporation  as 
a  means  of  butanol  recovery. 


catching  the  eye  of  process  engineers  and  has  spurred  an  interest 
among  them  for  designing  new  plants  and  modifying  the  existing 
ones  with  proper  integration  of  the  unit  operations  so  that  the 
overall  process  becomes  techno-economically  viable  [111].  This 
may  help  in  designing  novel  process  configuration  and  a  simplified 
system  with  increased  reaction  efficiency.  The  process  intensifica¬ 
tion  can  be  achieved  either  through  unit-based  or  plant-based 
intensification  [111,116], 


Fig.  4.  Process  integration  and  business  opportunities  to  increase  process  economy 
during  butanol  production  from  lignocellulosic  biomass. 


The  possible  approaches  for  process  integration  can  be  inte¬ 
grating  all  stages  together,  integrating  hydrolysis  stage  with 
fermentation,  or  integrating  hydrolysis,  fermentation  and  recovery 
stages  together.  In  one  such  attempt,  simultaneous  saccharifica¬ 
tion  and  fermentation  were  integrated  in  an  oscillatory  baffled 
reactor,  wherein  a  better  mixing  was  observed  leading  to 
increased  glucose  yields  [117],  Similarly,  the  possible  integration 
in  butanol  production  and  business  opportunities  involved  in  the 
same  have  been  projected  and  presented  in  Fig.  4.  However,  this 
integration  may  lead  to  some  bottlenecks  in  the  existing  butanol 
production  process. 


7.3.  Bottlenecks 

Biobutanol  production  can  be  analyzed  in  order  to  maximize 
the  production  through  appropriate  process  integration  for  all  the 
unit  operations.  This  may  lead  to  minimum  input  of  raw  material, 
energy,  fresh  water  and  manpower  with  high  output  of  butanol 
and  low  amount  of  wastewater.  The  main  bottlenecks  involved  in 
process  intensification  involve  variability  in  utilities,  unit  opera¬ 
tions  and  waste  management. 

Butanol  production  process  involves  different  operating  condi¬ 
tions  (temperature,  pH,  etc.)  at  each  step  of  the  process.  For 
instance,  the  pretreatment  of  the  biomass  occurs  at  high  tempera¬ 
tures  (120-200  °C)  while  the  enzymatic  hydrolysis  occurs  at  a 
temperature  of  40-50  “C  and  fermentation  is  done  at  35-37  °C. 
Moreover,  the  solid  loadings  and  their  handling  at  each  stage  of 
the  process  including  raw  material  loading  during  pretreatment 
and  hydrolysis  are  different  which  may  require  complex  modeling 
and  extensive  efforts  in  equipment  designing  and  may  increase 
the  operational  complexity.  This  would  further  increase  the  scale- 
up  risks  and  in  turn,  the  development  costs. 
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Table  4 

Comparative  evaluation  and  a  sneak  peek  into  current  butanol  industries. 


Sr. 

no. 

Butanol  industry 

Raw  material 

Microorganism 

(Expected)  yield 

Approach 

Reference 

1 

Butamax™  Advanced 
Technologies 

Corn 

- 

- 

- 

[120] 

2 

Gevo® 

Corn,  sugar  and  beets 

Modified 
strain  of  E.  coli 

1  Million  gallon  butanol 
per  year 

GIFT®’  (Gevo's  Integrated  Fermentation 
Technology®) 

[121] 

3 

Cathay  Industrial 
Biotech 

Corn 

- 

21  Million  gallons  of 
biobutanol  per  year 

Anaerobic  fermentation 

[122] 

4 

Cobalt  Technologies 

Non-food  feedstock 

Non-GMO 

Clostridium 

1.5  million  GPY 

- 

[123] 

5 

Green  Biologies  Ltd. 
(formerly  Butyl  fuel 
LLC) 

Sugar,  starch,  molasses,  corn 
byproducts  and  cellulosic 
feedstocks 

Solventogenic 

Clostridium 

13-1.9  Times  more 
butanol  per  weight  of  raw 
material 

ABE  fermentation;  metabolic  engineering  of 
Clostridium  and  Geobacillus 

[124] 

6 

SyntecBiofuel 

MSW,  forestry  and  agricultural 
waste 

110  gal/t 

Catalyst  development  for  converting  cellulosic 
biomass  to  butanol  using  thermochemical 
process 

[125] 

7 

Butalco 

C5/C6  sugars  and  lignocellulose 

Genetically 

optimized 

yeast 

Improving  existing  industrial  production  strains 

[126] 

Since  LC-butanol  production  is  a  multi-solvent  system,  all  the 
three  solvents  have  different  thermodynamic  properties  and  thus, 
require  strategic  separation  of  these  by-products.  Process  intensi¬ 
fication  should  also  aim  at  minimizing  these  by-products  and 
employing  an  appropriate  product  recovery  method  for  increasing 
the  efficiency  of  the  plant. 

7.2.  Potential  remedies 

LC-butanol  production  can  be  made  economical  and  cost 
effective  only  when  all  the  process  steps  are  efficiently  integrated. 
Another  approach  can  be  the  modification  of  an  existing  opera¬ 
tional  ethanol  plant  to  butanol  plant  so  that  some  existing  ethanol 
plant  equipments  can  be  integrated  into  the  butanol  plant, 
thereby,  decreasing  the  investment. 

Waste  management  and  handling  is  a  critical  issue  in  process 
integration.  In  order  to  minimize  the  water  requirements,  the 
wastewater  stream  generated  at  each  process  step  may  be  treated 
and  recycled  and  reused  to  make  the  plant  a  zero-discharge  plant. 
Similarly,  the  excess  heat  generated  during  pretreatment  can  be 
utilized  for  maintaining  the  temperature  of  hydrolysis  and  fer¬ 
mentation  units.  Butanol  production  results  in  generation  of  gases 
like  H2  and  C02  wherein  hydrogen  gas  can  again  be  put  to  use  for 
generating  electricity  while  C02  gas  can  be  harnessed  for  butanol 
production  due  to  the  ability  of  Clostridium  ljungdahlii  to  utilize 
C02/H2  [118], 

Thus  biobutanol  plant  can  be  integrated  with  biohydrogen  and 
biomethane  plant  too,  which  would  stupendously  lead  to  an 
increment  in  additional  revenue  generation.  An  appropriate  pro¬ 
cess  integration  of  all  the  unit  operations  involved  in  biomass 
conversion  process  is  an  area  where  an  incremental  and  sweeping 
innovation  is  prophesied  to  provide  major  benefits  and  make  the 
entire  process  a  money-spinner  by  exploring  the  value-added  by¬ 
products  produced  in  each  stage  of  the  process. 

8.  Current  scenario  of  lignocellulosic  butanol  industry 

Commercializing  butanol  production  in  present-state  economy 
sounds  expensive.  Scaling  up  from  a  laboratory  scale  to  pre¬ 
industrial  scale  has  always  been  challenging.  This  can  be  explicitly 
due  to  less  reproducibility  of  the  pilot  plant  trials,  which  further 
increases  the  degree  of  uncertainty  involved  in  scale-up  process. 
Sometimes  the  results  obtained  are  kept  confidential  due  to  the 
commercial  interests  and  when  a  process  has  to  be  patented. 


Nimcevic  and  Gapes  have  reviewed  many  acetone-butanol  plants 
that  have  been  operational  a  few  years  back  [119].  Cobalt  Tech¬ 
nologies,  Gevo  Inc.,  Green  Biologies  Ltd.,  Butyl  Fuel  LLC,  TetraVitae 
Bioscience,  Plantaonix,  Butamax  (DuPont/BP),  Cathay  Industrial 
Biotech,  ButalcoGmBH,  Metabolic  Explorer  and  W2  Energy  are  the 
key  players  in  butanol  production. 

The  comparative  status  of  these  commercial  players  has  been 
compiled  and  presented  in  Table  4.  The  raw  material  used  for 
butanol  production  by  these  industries  ranges  from  sugars  to 
lignocellulosic  biomass.  Most  of  these  industries  use  the  conven¬ 
tional  fermentation  technique  using  the  natural  biobutanol  pro¬ 
ducer  Clostridium  while  others  have  ventured  into  genetic 
engineering  of  different  strains.  In  some  cases,  the  yields  are 
expected  to  range  from  1.5  to  21  million  gallons  of  biobutanol 
per  year  using  various  raw  materials  while  in  other  cases  the  data 
is  not  disclosed  due  to  commercial  reasons.  A  critical  analysis  of 
this  data  indicates  that  the  raw  material,  microorganisms  and 
fermentation  process  are  the  key  factors  governing  the  extent  of 
butanol  production.  However,  there  are  no  significant  details 
available  in  open  domain  with  reference  to  pretreatment  strate¬ 
gies  and  the  enzyme  cocktail  employed  by  these  commercially 
operating  plants.  In  addition,  the  details  with  reference  to  down¬ 
stream  processing  of  the  fermented  broth  are  also  kept  under 
wraps.  These  developments  with  reference  to  the  commercial 
production  of  biobutanol  is  only  limited  to  developed  countries 
except  China.  However,  the  developing  countries  lag  behind  with 
respect  to  commercialization  of  biobutanol  as  most  of  the  LCB  is 
diverted  as  feed  for  cattle  or  used  as  heat  energy  at  household 
level.  Nevertheless,  biobutanol  commercialization  is  still  under 
research  phase  in  developing  countries  and  initiatives  have  been 
taken  to  promote  R&D  in  this  arena  of  biofuels. 


9.  Concluding  remarks  and  future  prospects 

Energy  and  environmental  concerns  have  revived  an  interest  in 
renewable  resources.  LCB  is  anticipated  to  be  the  biomass  of  future 
for  butanol  production  since  it  is  available  in  surplus  amounts  and 
is  not  only  environmentally  benign  but  economically  sound  too. 
Despite  the  immense  information  on  different  aspects  of  butanol 
production,  the  commercialization  of  this  process  has  met  with  a 
limited  success.  Therefore,  the  technology  gridlocks  in  LC  butanol 
production  have  to  be  surmounted  in  order  to  envision  a  better 
future  of  LC  butanol  production.  The  scientific  and  technological 
advances  in  biological  sciences  and  bioprocess  engineering  are 
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supposed  to  provide  additional  momentum  to  take  butanol 
production  from  its  budding  phase  to  a  flowering  phase.  Therefore, 
to  bring  this  biofuel  at  its  zenith,  the  factors  influencing  the 
process  economics  and  efficient  commercialization  have  to  be 
tackled.  This  review  has  endeavored  to  elucidate  all  the  gridlocks 
and  project  the  potential  remedies  for  the  same  which  include 
setting  up  of  the  butanol  plant  in  propinquity  to  the  point  of  raw 
material  production,  selecting  an  appropriate  pretreatment  tech¬ 
nique  and  enzyme  system,  employing  solvent-tolerant  and  hyper- 
butanologenic  fermenting  strain,  on-line  butanol  recovery  and 
implementation  of  biorefinery  concept. 

Although  a  great  deal  of  research  is  carried  out  in  this  arena 
since  a  few  years,  some  gridlocks  still  persist  and  need  to  be  dealt 
with  in  order  to  accomplish  the  success  of  LC-butanol  commer¬ 
cialization.  A  prudent  R&D  strategy  is  still  required  for  a  systematic 
design  of  a  feedstock  transportation  system  as  logistics  remain  a 
principal  gridlock  in  the  LCB  bioconversion  to  butanol  even  now. 
The  future  R&D  should  focus  on  development  and  evolution  of 
mathematical  models  through  advanced  computational  tools  to 
improve  the  complex  supply  chain  planning  and  management 
while  taking  into  consideration  the  standard  rules  and  regulations 
for  calculating  the  transportation  cost  and  performance-based 
equipment  configuration.  Further,  geographical  location  of  the 
local,  regional  and  global  networking  with  reference  to  supply  of 
raw  material  has  to  be  accurately  incorporated  as  per  the 
existing  logistics  in  order  to  develop  a  real  supply  chain  model. 
A  systematic,  strategic  design  and  planning  of  biomass  and  biofuel 
supply  chain  network  are  suggested  in  order  to  meet  the  daily 
demand  of  LCB  throughout  the  year.  It  is  recommended  to  not  only 
consider  the  biomass-to-biofuel  supply  chain  but  also  incorporate 
biofuel-to-bioenergy  supply  chain  during  logistics  modeling. 

Further,  an  acute  analysis  of  lignin  chemistry  should  be  done 
since  it  is  an  integral  part  of  any  pretreatment  strategy  and  would 
also  play  a  decisive  role  in  its  selection  and  optimization.  This  may 
aid  in  gaining  a  significant  insight  into  the  effectiveness  of  a 
particular  pretreatment  strategy.  In  addition,  future  R&D  should 
focus  on  ascertaining  the  scale-up  feasibility  of  the  selected 
pretreatment  by  enhancing  the  reproducibility  of  the  bench- 
scale  studies.  Appropriate  integration  of  the  pretreatment  process 
with  rest  of  the  process  is  also  of  immense  importance.  The 
researchers  need  to  direct  their  efforts  on  developing  a  cost- 
effective  enzyme  cocktail  suitable  for  effective  enzymatic  hydro¬ 
lysis  of  the  LCB  and  also  attempt  to  increase  the  sugar  concentra¬ 
tion  at  high  solid  loading  and  low  enzyme  loading  through 
different  approaches  like  the  fed-batch  operation  of  enzymatic 
hydrolysis. 

The  upcoming  research  work  in  the  fermentation  step  should 
be  aimed  at  increasing  the  butanol  yield  and  tolerance  by  employ¬ 
ing  the  advanced  tools  in  biotechnology  and/or  bioprocess  engi¬ 
neering.  Genomics  revolution,  modulation  of  gene  expression, 
protein  engineering,  rational  and  combinatorial  engineering  of 
bacterial  cells  and  their  metabolic  pathways  will  help  in  repro¬ 
gramming  these  bacterial  little  robots  and  lo,  these  microbial 
chemical  factories  will  start  producing  increased  amounts  of 
butanol.  The  chemo-biological  approach  for  butanol  production, 
wherein  sugars  will  be  converted  to  butyric  acid  via  biological 
means  in  first  stage  followed  by  chemical  conversion  of  butyric 
acid  to  butanol  in  second  stage,  is  suggested  to  be  a  promising 
approach.  These  approaches  can  be  complemented  with  the  on¬ 
line  removal  of  butanol,  thereby  reducing  its  contact  with  the 
fermenting  strain  so  as  to  enhance  its  tolerance  to  butanol.  An 
efficient  integration  of  all  the  process  steps  along  with  reduction 
in  waste  generation  and  water  requirements  will  further  foster  the 
success  of  LC  butanol  plant.  Besides,  much  more  R&D  intervention 
is  required  to  develop  some  of  the  novel  chemicals  and  by¬ 
products  from  the  residual  biomass  and  fermentation  process. 


The  commercial  exploitation  of  these  by-products  that  are  formed 
or  can  be  produced  during  the  entire  process  would  lend  a  hand  in 
increasing  market  incursion  of  butanol.  Succinctly  summing  up, 
bioscience  and  bioengineering  together  can  put  a  step  forward 
towards  successful  industrial  butanol  production. 
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